The high-mobility-group domain containing SoxC transcription factors Sox4 and Sox11 are expressed and required in the vertebrate central nervous system in neuronal precursors and neuroblasts. To identify genes that are widely regulated by SoxC proteins during vertebrate neurogenesis we generated expression profiles from developing mouse brain and chicken neural tube with reduced SoxC expression and found the transcription factor prospero homeobox protein 1 (Prox1) strongly down-regulated under both conditions. This led us to hypothesize that Prox1 expression depends on SoxC proteins in the developing central nervous system of mouse and chicken. By combining luciferase reporter assays and overexpression in the chicken neural tube with in vivo and in vitro binding studies, we identify the Prox1 gene promoter and two upstream enhancers at À44 kb and À40 kb relative to the transcription start as regulatory regions that are bound and activated by SoxC proteins. This argues that Prox1 is a direct target gene of SoxC proteins during neurogenesis. Electroporations in the chicken neural tube furthermore show that Prox1 activates a subset of SoxC target genes, whereas it has no effects on others. We propose that the transcriptional control of Prox1 by SoxC proteins may ensure coupling of two types of transcription factors that are both required during early neurogenesis, but have at least in part distinct functions.
Development of neurons from stem cells in the central nervous system (CNS) requires an intricate spatiotemporally controlled regulatory network that first guarantees maintenance of stem cells and their properties, and then allows fate decisions, subtype specifications, lineage progression and terminal differentiation. Several factors have been associated with neuronal specification and early stages of neurogenesis. In addition to proneural factors (Bertrand et al. 2002) , these include the high-mobility-group (HMG) domain containing SoxC proteins and the homeodomain containing Prox1 (Bergsland et al. 2006; Misra et al. 2008; Kaltezioti et al. 2010) .
SoxC proteins are the closely related factors Sox4, Sox11 and Sox12 (Penzo-Mendez 2010) . While Sox4 and Sox11 have essential functions in many processes and organs during development, Sox12 is a minor contributor to overall SoxC function (Hoser et al. 2008; Bhattaram et al. 2010) . In faterestricted neuronal precursors and neuroblasts of the CNS, SoxC proteins act downstream of proneural proteins (Bergsland et al. 2006) . In these immature neuronal cells, SoxC proteins activate genes that are associated with the neuronal differentiation program and a neuronal phenotype. They are required for the initiation of panneuronal gene expression. Accordingly, neuronal marker genes including class III b-tubulin (Tubb3), Dcx, neurofilament 1 and stathmin-like 2 are induced upon SoxC over-expression (Bergsland et al. 2006; Hoser et al. 2008; Mu et al. 2012) . Lost or reduced SoxC expression correlates with defects in neuronal maturation, but also with reduced proliferation and survival of neuronal precursors (Bergsland et al. 2006; Thein et al. 2010 ). An influence on cell cycle exit has not been detected and SoxC factors by themselves are not able to evoke complete neuronal differentiation. Their expression is transient and the proteins are no longer present in fully mature neurons arguing that they have no role in maintenance of the mature state. While studies on the developing spinal cord and on adult hippocampal neurogenesis indicate a largely redundant function of SoxC proteins (Bergsland et al. 2006; Mu et al. 2012 ), a recent study on cortical neurogenesis pointed to a more complex situation. In the cortex Sox4 occurred in intermediate progenitor cells and was associated with highly proliferative type-2 progenitor cells, whereas Sox11 was predominantly expressed in early born, post-mitotic neuroblasts (Chen et al. 2015) .
Like SoxC proteins, the homeodomain transcription factor Prox1 also operates downstream of proneural proteins and is required but not sufficient for neuronal differentiation (Misra et al. 2008; Kaltezioti et al. 2010) . The ability to repress Notch expression constitutes part of its activity. This in turn promotes cell cycle exit. Upon over-expression, Prox1 additionally induced only some of the studied neuronal marker genes (Misra et al. 2008) . This has led to the assumption that Prox1 is unable to activate a full neuronal differentiation program and is a less efficient activator of neuronal marker expression than SoxC proteins (Misra et al. 2008) . Prox1 is transiently expressed during neurogenesis in most neurons. However, there are regional differences. Mature granule cells of the dentate gyrus and some cortical interneurons continue to express Prox1 in the mature state (Lavado et al. 2010; Miyoshi et al. 2015) . During developmental and adult hippocampal neurogenesis, Prox1 has been shown to act downstream of Wnt signaling and influences neurogenesis on the level of the intermediate progenitor cell (Lavado et al. 2010) .
Despite a good understanding of the overall functions of these factors during neurogenesis, the underlying molecular events and the relation among them are only partly understood. Here we report that Prox1 is a direct target of SoxC proteins which activate Prox1 expression by acting through the Prox1 promoter and evolutionary conserved regions in an upstream region previously described to contain Prox1 enhancers (Karalay et al. 2011) . Once induced, Prox1 appears to be in a complex relation with SoxC proteins as both types of factors co-regulate some target genes, but function separately on others. The presented mechanism may couple the expression and ensure the joint occurrence of two essential factors for early neurogenesis with mostly complementary functions.
Materials and methods
Design and time line of study The study was not pre-registered. It started with an unbiased screen for general SoxC target genes in the developing vertebrate central nervous system (Fig. 1) . After validation of Prox1 as a SoxC target, molecular studies were performed to address the epistatic and regulatory relationships between SoxC proteins and Prox1 during neurogenesis.
Plasmids and viral constructs
Expression plasmids for full length or aminoterminal parts of Sox4, Sox11 and Sox12 were based on pCMV5 or pCAGGS-IRES-nls-GFP, and have been described before (Kuhlbrodt et al. 1998a; Hoser et al. 2008) . In pCMV5 plasmids, cDNAs are under control of cytomegalovirus (CMV) immediate early promoter sequences. In pCAGGS-IRES-nls-GFP plasmids, expression of cDNAs is under control of a fusion between cytomegalovirus (CMV) enhancer and chicken b-actin promoter, and coupled to green fluorescent protein (GFP) expression via an internal ribosomal entry site. pSuper-Neo-GFP-based plasmids were used to express GFP as well as the following shRNAs: 5 0 -GGCCCAGGAAGAAGGTGAA-3 0 against chicken Sox4, 5 0 -GCTTTCATGGTGTGGTCTA-3 0 against chicken Sox11, 5 0 -GGAGAAGAGTTTGGAAGCGTGTAAA-3 0 against chicken-Prox1-3 0 UTR and a scrambled shRNA, 5 0 -GGAGAGA TTGTAGGAGCGTTAGAAAA-3 0 .
Luciferase reporter plasmids were based on pGL2-luciferase (Promega) or pTATA-luciferase (Kuhlbrodt et al. 1998b) 5285374). Genotyping was performed as described (Thein et al. 2010) . All mice were on a mixed C3H 9 C57Bl/6J background. In accordance with animal welfare laws, they were kept under standard housing conditions with 12:12 hours light-dark cycles and continuous access to food and water. Experiments were approved by the responsible local committees and government bodies (University, Veterin€ aramt Stadt Erlangen & Regierung von Unterfranken, TS-00/12 Biochemie II). Timed matings were set up to generate embryos at 11.5 and 14.5 days post coitum (E11.5 and E14.5). These embryos were used to prepare RNA or were processed for immunohistochemical studies as described (Finzsch et al. 2010) .
Chicken in ovo electroporation
Fertilized chicken eggs were obtained from LSL Rhein-Main (Dieburg, Germany, Cat# Bruteier, RRID: not registered) and incubated in a humidified incubator Thermostar 150 (J. Hemel Brutger€ ate, Verl, Germany, Cat# T150) at 37.8°C, 60% humidity for 44-46 h. Expression plasmids for cDNAs (based on pCAGGS-IRES-nls-GFP) and shRNAs (based on pSuper) were injected at a concentration of 2 lg/lL into the lumen of the neural tube of chicken embryos at Hamburger Hamilton stage 9 (Hamburger and Hamilton 1953) . Then, electrodes (BTX, Holliston, MA, USA, Cat# 45-0169) were placed at either side of the embryo and electroporation was carried out using a BTX ECM830 electroporator (BTX, Cat# 732-0038) delivering five 50-millisecond pulses of 30 V, interval: 450 ms, polarity: unipolar. Electroporated embryos were allowed to develop for 48 h before dissection and processing for immunohistochemical analysis (Hoser et al. 2008) or RNA isolation.
Immunohistochemical analysis
For immunohistochemistry, 10 lm cryotome coronal sections of mouse brain (at forebrain level) as well as transverse sections of mouse spinal cord (at forelimb level) or chicken neural tube were used (Stolt et al. 2003; Finzsch et al. 2010 Tables S1 and S2 ) was submitted to the Enrichment Analysis Tool for biological processes (http://geneontology.org/).
Chromatin immunoprecipitation
Neurospheres were generated from adult hippocampal neural stem cells derived from the dentate gyrus of 2-month-old mice (Beckervordersandforth et al. 2017) . Chromatin was prepared from these neurospheres after formaldehyde-induced cross-linking of endogenous proteins to DNA, cell lysis and shearing (K€ uspert et al. 2011) . Immunoprecipitation was overnight at 4°C with 5 lg sonicated chromatin using 1.2 lg rabbit monoclonal anti-Sox11 antibody (Abcam, Cambridge, UK, Cat# ab134107, RRID: AB_2721126) or control immunoglobulins (purified rabbit immunoglobulin G; Sigma Aldrich, Taufkirchen, Germany, Cat# I5006, RRID:AB_1163659) in the presence of protein A sepharose CL-4B beads (VWR, Darmstadt, Germany, Cat# 17-0780-01) pretreated with bovine serum albumin. After DNA retrieval from the precipitate, amounts from input and precipitates were quantified by qPCR using the Bio-Rad CFX96 Real Time PCR system (BioRad Laboratories, M€ unchen, Germany, Cat# 1855096) (Weider et al. 2012) . To detect the various regions from the Prox1 gene, the following primer pairs were used: 5 0 -CGTCCTGGAAGAG- Cells were grown in Dulbecco's Modified Eagle Medium (Gibco, from Invitrogen, Karlsruhe, Germany, Cat# 31966-021) supplemented with 10% fetal calf serum (Gibco, Cat# 10270-106) . For the preparation of protein extracts, HEK293 cells were transfected by polyethylenimine using 10 lg expression plasmid per 100-mm plate, and harvested 48 h post-transfection.
CAAGTGT-3
For luciferase reporter assays, HeLa cells were transfected on 35-mm plates using SuperFect Transfection Reagent (Qiagen, Cat# 301307) with 0.5 lg luciferase reporter plasmid in combination with 1 lg pCMV5-based expression plasmids. Whole cell extracts were prepared 48 h post-transfection and luciferase activities were determined in the presence of luciferin substrate (AppliChem, Darmstadt, Germany, Cat# A1029) by the detection of chemiluminescence using a Centro LB 960 luminometer (Berthold, Bad Wildbad, Germany).
Electrophoretic mobility shift assays (EMSA) were performed in the presence of 1 lg poly-dGdC or 0.3 lg sheared salmon sperm DNA (100-400 bp) as unspecific competitor using 32 P-labeled 26 bp long double-stranded oligonucleotides and HEK293 wholecell extracts (Kuhlbrodt et al. 1998b) . Oligonucleotides contained putative Sox-binding sites present in the ECR44 and ECR40 enhancer regions or in the promoter of the Prox1 gene (see Figs 6a, 7a and 8a). Site B from the Mpz gene served as control for SoxC binding (Peirano et al. 2000) .
Statistical analysis
Experiments involving mice and chicken were blinded for analysis. No sample calculation was performed. Because of the robust phenotypes in developmental studies, sample size was set to n = 3-4 as common for such studies, if not otherwise stated. Sample size did not differ between beginning and end of experiments. Results from independent specimens, immunoprecipitation or transfection experiments were treated as biological replicates. Normality of data was not separately assessed. To determine whether differences in cell numbers, amounts of precipitated DNA or luciferase activities were statistically significant, a Student's t-test was performed (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001) using Graph Pad Prism 6 (GraphPad software, La Jolla, CA, USA).
Results

SoxC proteins influence Prox1 expression in neuronal precursors
To identify genes that are general targets of SoxC proteins during vertebrate neurogenesis, we chose to study the consequence of altered SoxC expression in two different CNS models of developmental neurogenesis. We first generated mice in which Sox4 and Sox11 were deleted throughout the CNS using floxed alleles in combination with a Pou3f4::Cre transgene (Ahn et al. 2001; Thein et al. 2010) . The Pou3f4::Cre transgene differs in its expression from the endogenous Pou3f4 gene in that it is broadly expressed throughout the ventricular zone ( Figure S1a , d, g and k) (Thein et al. 2010) .
To analyze Cre-dependent deletion in these Sox4 cko Sox11 cko mice (henceforth referred to as dko mice), we performed immunohistochemistry on forebrain sections at E11.5 and E14.5 using antibodies directed against Sox4 or Sox11 ( Figure S2 ). While expression of Sox4 and Sox11 was widespread throughout the neuroepithelium in wild-type embryos at both ages, there was very little staining in the dorsal two-thirds of the neuroepithelium in dko littermates. In contrast, the ventral third still contained cells that were positive for Sox4 and Sox11 at both ages in dko mice arguing that Cre-dependent deletion in the ventral forebrain was mosaic. Still, overall deletion rates in the forebrain were around 80%.
RNA was prepared at E14.5 from forebrain tissue of dko mice and age-matched controls (i.e. mice with floxed Sox4 and Sox11 alleles but without Cre transgene). This RNA was amplified, labeled and hybridized to Affymetrix 2.0 micorarrays. Duplicate samples from dko brains had a high Pearson's correlation coefficient as had samples from control brains (Fig. 2a) . In total, 2930 genes exhibited altered expression in forebrain tissue of E14.5 dko mouse embryos as compared to control (Fig. 2b) . In dko forebrain tissue 1358 genes were down-regulated, 1572 genes were up-regulated (Fig. 2c ).
The second model we chose was the early chicken neural tube that we electroporated with validated shRNAs directed against chicken Sox4 and Sox11, or corresponding scrambled versions. Electroporated cells were isolated 2 days later by FACS using GFP. When RNA from these cells was subjected to microarray analysis, 3364 genes exhibited differential expression with 988 being down-and 2376 being up-regulated after shRNA-dependent knockdown of Sox4 and Sox11 in the chicken neural tube (Fig. 2b and c) .
When up-regulated and down-regulated genes were compared between the two experimental setups, we detected 129 genes that exhibited down-regulation and 249 genes that exhibited up-regulation under both conditions ( Fig. 2b and c) . The top 30 up-and down-regulated genes are listed in Fig. 2d and e. The complete list can be found in the supplement (Tables  S1 and S2 ). Importantly, expression of Sox4 and Sox11 was down in all knockdown samples, as was the expression of the known SoxC target gene Dcx. When subjected to gene ontology studies, processes associated with nerve projection development, neuron differentiation, axon development or their regulation were the most enriched terms for down-regulated genes (Fig. 2f) . This confirms the previously ascribed role of SoxC proteins in neurogenesis. Up-regulated genes on the other hand were associated with mitotic cell cycle, metabolic pathways or biogenesis, assembly and organization of cellular components (Fig. 2g) .
Intriguingly, Prox1 was one of the genes with decreased expression rates in both dko mice and shRNA-treated chicken samples (Fig. 2d) . Considering that Prox1 has also been implicated as a regulator of neurogenesis (Misra et al. 2008; Kaltezioti et al. 2010; Lavado et al. 2010) , we decided to focus on this factor and see whether Prox1 may be a direct target of SoxC proteins.
To validate our microarray results, we first performed immunohistochemical analysis on spinal cord tissue of wildtype and dko embryos with antibodies directed against Prox1. Determination of Cre-dependent deletion rates in the spinal cord of dko mice at E11.5 and E14.5 revealed a near complete absence of Sox4 and Sox11 at both embryonic ages ( Figure S1b , c, e, f, h-j and l-n).
At E11.5, there were only half as many Prox1-positive cells in the spinal cord of dko embryos compared to the wildtype (Fig. 3a and b) . At E14.5, Prox1-positive cells were still reduced in the dko spinal cord (Fig. 3a and c) . These results confirm that Prox1 expression is influenced by the SoxC proteins Sox4 and Sox11. However, they also show that Prox1 expression is not absolutely dependent on these factors, as Prox1 expression persists at a reduced level in the absence of Sox4 and Sox11.
To complement loss-of-function studies by gain-of-function studies, we also electroporated the neural tube of chicken embryos at Hamburger Hamilton stage 9 with plasmids that allowed GFP expression or parallel expression of GFP and a SoxC protein (Fig. 4) . Comparison of the electroporated side with the control side revealed that all three SoxC proteins robustly increased the number of Prox1-positive cells (Fig. 4b-d and f-h ). No such effect was observed in control electroporations with GFP expression plasmids (Fig. 4a , e and i). We conclude from these experiments that ectopic SoxC expression is sufficient to induce Prox1 in the embryonic spinal cord.
SoxC proteins activate and bind to the promoter of the Prox1 gene and distal evolutionary conserved enhancers So far, our experiments do not allow to distinguish whether the activation of Prox1 expression by SoxC proteins is direct or indirect. Previous studies had argued that Prox1 expression in the developing lymphatic system is activated by Sox18 via a regulatory region that was thought to represent the promoter (Francois et al. 2008) . Recent gene annotation, however, indicates that this regulatory region is localized in the first intron approximately 4 kb downstream of the transcriptional start site and likely represents an intronic enhancer (IE in Fig. 5a ). Our preliminary studies furthermore showed that this region responds only marginally to SoxC proteins (data not shown).
Karalay and colleagues identified two Wnt-responsive neuronal enhancers in the far upstream region of the mouse Prox1 gene (Karalay et al. 2011) . The enhancers mapped at À44 kb and at À37 kb relative to the transcriptional start site. A cross-species comparison revealed that these two enhancers are highly conserved, as is a third region between the two at À40 kb (Fig. 5a ). These evolutionary conserved regions will be referred to as ECR44, ECR40 and ECR37. They were investigated in the study because they represent the only known regulatory regions of the Prox1 gene in neuronal cells.
We cloned each ECR in combination with a minimal promoter into a luciferase reporter plasmid. Reporter plasmids were then transfected into HeLa cells as a commonly used standard cell line for luciferase reporter assays together with empty control or Sox11 expression plasmid. ECR44 and ECR40 responded to Sox11 with five-to ten-fold activations, whereas ECR37 did not show a significant response (Fig. 5b) .
Even higher than the responsiveness of the enhancers was that of the Prox1 promoter (PR in Fig. 5a and b) . This was activated more than 30-fold by Sox11. When Sox11 was replaced by either Sox4 or Sox12, stimulation was substantially lower but still clearly detectable (Fig. 5c ). In the joint presence of Sox11 and Sox4, intermediate 20-fold activation rates were obtained (Fig. 5c) . A qualitatively similar relation of Sox4-, Sox11-and Sox12-dependent activation rates was also observed for ECR44 and ECR40 (data not shown). This is consistent with previous observations that usually define Sox11 as the strongest activator among SoxC proteins in reporter assays in cell culture despite comparable activities of SoxC proteins after over-expression in vivo (Dy et al. 2008; Hoser et al. 2008) . To facilitate our analysis, we therefore focused in cell culture studies on Sox11.
We also tested the responsiveness of a construct that contained both ECR44 and ECR40 (bar labeled '40,44' in Fig. 5b ). This reporter exhibited an almost 20-fold stimulation by Sox11, approximately the sum of the activation rates mediated by each enhancer alone. This argues that the regulatory regions function additively in mediating Sox11 responsiveness.
To confirm binding of Sox11 to regulatory regions of the Prox1 gene in vivo, we performed ChIP assays on neurospheres generated from adult hippocampal neural stem cells. Prox1 has been previously shown to be expressed in proliferating adult hippocampal neural progenitors (Steiner et al. 2008) . Our own immunocytochemical stainings of plated neurospheres that were kept under proliferating conditions revealed that the vast majority of cells expressed Sox11 ( Figure S3a-c) . Some additionally expressed Prox1. Considering that Sox11 is usually already bound to the regulatory regions of its neural target genes before their induction (Bergsland et al. 2011; Wegner 2011) , we reasoned that the neurospheres should be a good system to investigate Sox11 binding to the identified regulatory regions.
When cross-linked chromatin from neurospheres underwent immunoprecipitation with a Sox11-specific antibody, we detected a selective enrichment of ECR44, ECR40 as well as the promoter region in the immunoprecipitate over the immunoglobulin G control, whereas ECR37 and a ChIP control region (CCR, for localization see Fig. 5a ) from the Prox1 locus did not show this effect (Fig. 5d) . These results confirm that the gene promoter and two upstream enhancers bind Sox11 in vivo. As Sox11 bound to ECR44, ECR40 and the promoter in vivo and as Sox11-dependent Prox1 activation through these regulatory regions appeared additive, we decided to characterize all three Sox11-responsive regions of the Prox1 gene in closer detail. Starting with the promoter, we first generated a shorter version (PRs with positions À377 to +31 as compared to positions À377 to +282 in PR, see Fig. 6a ) and compared its Sox11 responsiveness to the original construct in transient transfections. While the shortened version was slightly less responsive, it retained a robust 20-fold activation by Sox11 (Fig. 6b) . Therefore, we chose to concentrate on this fragment.
By bioinformatic analysis and visual inspection, we detected three sites with close similarity to the Sox consensus binding sequence in the short promoter fragment (Fig. 6a and  c) . These represent potential binding sites for SoxC proteins. Although Sox proteins often perform their function in cooperation with partner proteins, they are capable of binding to DNA by themselves (Wegner 2010; Kamachi and Kondoh 2013) . Therefore, it is possible to detect SoxC binding in EMSA using isolated potential Sox binding sites.
Recombinant proteins for EMSA were produced in HEK293 cells because of their efficient transfection and resulting high protein levels. The Sox11 HMG domain bound to double-stranded oligonucleotides containing site 1 or site 3 (Fig. 6c) . In contrast, versions of these oligonucleotides, in which the predicted site was mutated, had lost their binding ability in EMSA (Fig. 6d) . Similar binding patterns were also observed when the Sox4 HMG domain was used ( Figure S3d and e) . This observation led us to introduce the mutations into the Prox1 promoter in the context of the luciferase reporter plasmid. When tested in transient transfections, promoters with single site mutations already exhibited a reduction in their Sox11-responsiveness (Fig. 6e) . The effect was stronger for the site 1 mutation than for the site 3 mutation. Sox11-dependent activation rates were even further reduced when both sites were mutated. We conclude from these findings that SoxC-dependent activation of the Prox1 promoter is caused by direct binding to at least two defined sites.
Using an analogous strategy, we next looked at ECR44 of the Prox1 gene. To narrow down the region that mediates Sox11 responsiveness of ECR44, we first divided the enhancer in a distal F1 and a proximal F2 fragment (Fig. 7a) . When these fragments were analyzed in reporter gene assays for their Sox11 responsiveness, most of the activity segregated with the F2 fragment (Fig. 7b) . Of the five potential binding sites for SoxC proteins in ECR44 (Fig. 7a) , only site 2 and site 5 proved capable of binding to Sox11 in EMSA (Fig. 7c) . When mutations that interfered with SoxC binding were introduced into ECR44 at these sites (Fig. 7d) , enhancer activity was differentially affected. Site 2 mutations substantially reduced Sox11 responsiveness of the enhancer, whereas site 5 mutations exhibited little effect (Fig. 7e) . These results argue that Sox11 exerts most of its effect on ECR44 via site 2. As expected, site 2 is localized in the Sox11-responsive F2 fragment (Fig. 7a) .
In case of Prox1 ECR40, activity also mapped to the proximal F2 fragment (Fig. 8a and b) . Of the five potential binding sites for SoxC proteins (Fig. 8a) , site 1 and site 4 exhibited the strongest binding to Sox11 in EMSA (Fig. 8c) . Less binding was detected for site 2 and site 3. To analyze the functional relevance of binding sites, we mutated site 1 and site 4 in the context of ECR40. Following mutation of site 4 to a non-binding sequence (Fig. 8d) , Sox11-responsiveness of ECR40 decreased dramatically, whereas analogous mutation of site 1 had no effect ( Fig. 8d and e) . We conclude from these data that site 4 contributes to Sox11-dependent activation of ECR40. Localization of site 4 in F2 is consistent with Sox11 responsiveness of this part of ECR40.
SoxC and Prox1 have partially overlapping functions in neuronal precursors
Finally, we compared functions of SoxC and Prox1 proteins during early neurogenesis. For this purpose, we performed electroporation of a Prox1 expression plasmid into the chicken neural tube and asked whether Prox1 would be able to stimulate the known SoxC target genes Tubb3 and Dcx. In line with previous results, Prox1 reproducibly induced Tubb3 in electroporated cells close to the ventricular zone, although levels appeared lower than those obtained with SoxC proteins (compare Fig. 9a , b, e and f to Fig. 9i and l) . In contrast, Dcx was not induced by Prox1 (Fig. 9c, d, g and h) . Thus, SoxC proteins and Prox1 appear to have joint as well as unique targets.
Considering that both SoxC proteins and Prox1 activate Tubb3 expression, we also asked whether both transcription factors cooperate during this activation. Therefore we performed electroporation of a Sox11 expression plasmid into the chicken neural tube together with shRNAs ( Fig. 9j  and k) . Although a scrambled control shRNA did not affect Sox11-dependent Tubb3 induction on the electroporated side (compare Fig. 9l to Fig. 9m) , it was substantially reduced by a Prox1-specific shRNA (Fig. 9n) . We conclude that Prox1 contributes to SoxC-dependent Tubb3 activation, either as a downstream effector or as an essential interaction partner. Increased luciferase activity in the presence of SoxC proteins was statistically significant as determined by Student's t-test (***p ≤ 0.001). (d) ChIP experiments were carried out on chromatin prepared from neurospheres with Sox11-specific rabbit antibodies and a rabbit immunoglobulin G (IgG) control. Precipitated amounts were quantified by qPCR and normalized to input. Normalized values for Sox11-specific antiserum and IgG control were put into relation for each of the analyzed regions (ECR44, ECR40, ECR37, PR and CCR) and are expressed as fold enrichment over IgG control (n = 4 independent precipitations, quantified in triplicate PCRs). Enrichment of ECR44, ECR40 and PR in chromatin precipitated by Sox11-specific antibodies was statistically significant as determined by Student's t-test (**p ≤ 0.01; *p ≤ 0.05).
Discussion
In this manuscript, we analyzed the impact of Sox4 and Sox11 on gene expression in the mouse forebrain and in the chicken neural tube. By choosing divergent CNS model systems (mid-embryonic brain tissue vs. early neural tube) in different vertebrate species (mouse vs. chicken), and by selecting different approaches for manipulation of SoxC expression (Cre-dependent gene knockout vs. shRNAmediated knockdown) and RNA preparation (whole tissue vs. FACS-purified cells), we were able to identify genes that are similarly regulated in both set-ups and represent excellent candidates for genes that are robustly and generally regulated by SoxC proteins during vertebrate neurogenesis. In total, we identified 129 genes that were consistently down-regulated, and 249 genes that were up-regulated. The down-regulated genes were predominantly associated with neurogenesis and related processes in accord with the proposed function of SoxC proteins in the developing CNS (Bergsland et al. 2006 (Bergsland et al. , 2011 Chen et al. 2015) . (e) Transient transfections with a reporter plasmid carrying the luciferase gene under control of the short Prox1 promoter (PRs) in wild-type version (wt) or after mutation of site 1 (m1), site 3 (m3) or both (m1,3). Luciferase activity was determined for all luciferase reporters in the absence or presence of Sox11 expression plasmids, and fold activations were calculated by arbitrarily setting the luciferase activity in the absence of Sox11 expression plasmid to 1. Bars represent mean values + SEM (n ≥ 3 independent transfections each performed in duplicate). Sox11-dependent activation of the luciferase reporter with site 1 and site 3 mutation (m1,3) in the Prox1 promoter was significantly lower than activation of the corresponding wild-type reporter as determined by Student's t-test (**p ≤ 0.01).
As SoxC proteins predominantly function as transcriptional activators during spinal cord neurogenesis (Bergsland et al. 2006) , direct target genes are more likely to be present among genes down-regulated after SoxC loss than among the up-regulated genes. Prox1 was particularly interesting as previous studies on the developing spinal cord had shown that Prox1 like SoxC proteins is required for neuronal maturation, but by itself not sufficient to induce the full neurogenic program (Misra et al. 2008; Kaltezioti et al. 2010; Elkouris et al. 2011) . Joint expression and contribution to neuronal maturation had also been affirmed for Prox1 and SoxC proteins in the developing and adult hippocampus (Lavado et al. 2010; Karalay et al. 2011; Wang et al. 2013 ).
Here we show that Prox1 is a direct target of SoxC proteins (for a summarizing model, see Fig. 9o) . Although Sox11 appears to be the most efficient activator in luciferase reporter gene assays, chicken neural tube electroporation assays indicate that all three SoxC proteins are similarly effective in vivo. Sox proteins are believed to reach maximal activity usually in the presence of partner proteins (Wegner 2010; Kamachi and Kondoh 2013) . Thus, it is reasonable to assume that the quantitative discrepancies between the in vivo and the cell culture data are a consequence of limited availability of some partner proteins in cell culture.
We find that Sox11 activates Prox1 expression through multiple regulatory elements, including the gene promoter and two evolutionary conserved enhancer regions at À44 kb and À40 kb (Fig. 9o) . SoxC proteins bind directly to all these elements in vitro and in vivo. Likely cooperating partners include proneural proteins as Prox1 was shown to be a downstream target of proneural proteins (Kaltezioti et al. 2010) . In addition, SoxC proteins have been shown to Luciferase activity was determined for all luciferase reporters in the absence or presence of Sox11 expression plasmids, and fold activations were calculated by arbitrarily setting the luciferase activity in the absence of Sox11 expression plasmid to 1. Bars represent mean values + SEM (n ≥ 3 independent transfections each performed in duplicate). Sox11-dependent activation of luciferase reporters with site 2 mutation in ECR44 was significantly lower than activation of the corresponding wild-type reporter as determined by Student's t-test (*p ≤ 0.05).
cooperate with the proneural neurogenins during cortical development (Chen et al. 2015) and potential binding sites for neurogenins can be found in the SoxC-bound regulatory regions.
ECR44 as one relevant regulatory region has previously been implicated in mediating Wnt effects on Prox1 expression in adult hippocampal neurogenesis. This may indicate that this enhancer is instrumental in integrating the effects of SoxC proteins and canonical Wnt signaling on Prox1 expression (Karalay et al. 2011) .
We also show in our study that only some of the SoxC target genes are Prox1 targets. Both types of transcription factors thus share some functions, but also serve unique and non-overlapping tasks (Fig. 9o) . In case of Tubb3 as a joint target, Prox1 furthermore helps SoxC proteins to perform their function, either as a downstream effector or an interaction partner.
This functional relationship is in line with several other data from the literature. Despite their joint occurrence in developing neurons and their role in neuronal maturation, functional differences have been described between SoxC proteins and Prox1. SoxC proteins have been reported as being efficient inducers of neuronal traits (Bergsland et al. 2006) and required for survival of neuronal precursors (Thein et al. 2010) . In contrast, they appear to have less impact on proliferation and cell cycle exit (Bergsland et al. 2006; Thein et al. 2010) and at least in the retina do not seem to affect Notch expression and signaling (Usui et al. 2013) . Prox1, on the other hand, has been reported to promote cell cycle exit by Notch inhibition, but to be much reporter under control of ECR40 in wild-type version (wt) or after mutation of site 1 (m1), site 4 (m4) or a combination of both (m1,4). Luciferase activity was determined for all luciferase reporters in the absence or presence of Sox11 expression plasmids, and fold activations were calculated by arbitrarily setting the luciferase activity in the absence of Sox11 expression plasmid to 1. Bars represent mean values + SEM (n ≥ 3 independent transfections each performed in duplicate). Sox11-dependent activation of luciferase reporters with site 4 mutation in ECR40 was significantly lower than activation of the corresponding wild-type reporter as determined by Student's t-test (**p ≤ 0.01; *p ≤ 0.05). (i-n) Immunohistochemistry against Tubb3 was performed on transverse sections of chicken embryos electroporated with expression plasmids for GFP and Sox11, and incubated for an additional 48 h after the electroporation event. In some cases, pSuper-based expression plasmids for a control shRNA (scr) (j and m) or a shRNA directed against Prox1 (shProx1) (k and n) were co-electroporated. The electroporated side is oriented to the right. Immunohistochemical stainings for Tubb3 (red) are shown with GFP autofluorescence (green) as merge (i-k) or separately (l-n). less efficient in the induction of neuronal traits (Misra et al. 2008; Kaltezioti et al. 2010) . The existence of unique functions for SoxC proteins and Prox1 may also explain why none of the factors is by itself sufficient to induce full neuronal differentiation. SoxC-dependent regulation of Prox1 expression may furthermore ensure that Prox1 is induced and becomes co-expressed when SoxC proteins start to act in early neurons. SoxC proteins are also required for development of sympathetic neurons in the PNS where they impact proliferation and survival of neuroblasts much more than neuronal maturation (Potzner et al. 2010) . Recent studies have shown that the same cells also express Prox1 and may also require it for neuroblast proliferation and survival (Holzmann et al. 2015) . It will be interesting to analyze the functional relationship between SoxC proteins and Prox1 in these cells and compare it to CNS neurons. All experiments were conducted in compliance with the ARRIVE guidelines.
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